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The interleukin-1 0 (IL-1 0) converting enzyme (ICE) processes the inactive IL-1 p precursor 
to the proinflammatory cytokine. Adherent monocytes from mice harboring a disrupted 
ICE gene (ICE"'-) did not export IL-1 3 or interfeukin-1a (IL-1 a) after stimulation with 
lipopolysaccharide. Export of tumor necrosis factor-^ and interieukin-6 (IL-6) from these 
cells was also diminished. Thymocytes from ICE" 7 " mice were sensitive to apoptosis 
induced by dexamethasone or ionizing radiation, but were resistant to apoptosis induced 
by Fas antibody. Despite this defect in apoptosis, ICE~'~ mice proceed normally throuqh 
development. 



The cytokine IL-1 (3 plays a pivotal role in 
acute and chronic inflammation, bone re- 
sorption, myelogenous leukemia, and other 
pathological processes (/). IL-ip is synthe- 
sized as a 31-kD precursor devoid of a con- 
ventional signal sequence (2) and is pro- 
cessed to its proinflammatory 17-kD form by 
ICE, a cysteine protease with substrate 
cleavage specificity for Asp-X (3). ICE itself 
is synthesized principally in monocytes as an 
inactive proenzyme that autoprocesses to an 
active tetramer composed of two 10-kD and 
two 20-kDsubunits (4, 5). With the cloning 
of the Caenorhabditis elegans cell death gene 
ced-3 (6), ICE was recognized to be a mem- 
ber of a new subfamily of cysteine proteases. 
ICE and CED-3 show only 28% sequence 
conservation overall, but their active site 
residues are completely conserved (5, 6). 

Although the physiological functions of 
the mammalian ICE homologs are un- 
known, overexpression of ICE and ICE ho- 
mologs in transfected cell lines induces ap- 



optosis (7, 8). This effect is reduced when 
ICE is coexpressed with BcI-2, a mammali- 
an oncogenic protein that is a general sup- 
pressor of apoptosis (9). Further, transfec- 
tion of chicken dorsal ganglion cells with 
CrmA, a serpin-like inhibitor of ICE (10) 
and potentially of ICE homologs, protects 
these cells from apoptosis induced by deple- 
tion of nerve growth factor (11). 

To probe the physiological functions of 
ICE, we disrupted the murine ICE gene in 
D3 embryonic stem (ES) cells by replacing 
part of exons 6 and 7 (Fig. 1A) with a 
neomycin resistance gene cassette (12, 13). 
Chimeric mice were obtained by injection 
of mutant ES cells into C57BL/6 blastocysts, 
.and the chimeric males were mated with 
C57BL/6 mice. Interbreeding of the het- 
erozygous mice generated the expected men- 
delian 1:2:1 ratio of wild-type (ICE +/ *), 
heterozygous (ICE +/ ~), and homozygous 
(ICE~ /_ ) mutant mice. Homozygous mice 
with two copies of the disrupted ICE gene 
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Fig. t. Disruption of the murine iCE gene by homologous recombination (13). (A) Restriction maps of the 
murine ICE locus, the targeting vector, and the mutant ICE locus. (B) RT-PCR analysis of mRNA from 
ICE* /+ and ICE''- mice with oligonucleotide primers (73) specific for wild-type ICE cDNA (1), mutated 
ICE cDNA (2), and p-actin cDNA (3). The lines on the left indicate the positions of 984-bp (upper) and 
738-bp (lower) markers. 
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were identified by Southern blots or genom- 
ic DNA. and the absence of ICE mRNA in 
lCE _/ ~ mice was confirmed by reverse tran- 
scription-polvmerase chain reaction (RT- 
PCR) analysis (Fig. IB). The ICE' 1 ' mice 
were healthy and fertile, and had no gross 
abnormalities in appearance, body weight, 
or organ size for at least the first 16 weeks ot 
life. The apparently normal phenotype ot 
ICE~'~ mice suggests that ICE expression is 
dispensable for development. 

Several serine proteases can process the 
IL-1P precursor to bioactive forms (14), but 
ICE is the only mammalian protease iden- 
* tified that generates the mature 17-kD cy- 
tokine with the naturally occurring Ala tlii 
amino-terminus (3). A tetrapeptide inhibi- 
tor of ICE [Ac-Tyr-Val-Ala-Asp-CHO; in- 
hibition constant (KJ = 0.7 nM| blocks 
IL-ip processing and secretion from stimu- 
lated human monocytes or murine leuko- 
cytes [IC 50 (the amount required to inhibit 
activity by 50%) - 1.5 |xM] (4, 15). This 
inhibitor, however, may not be completely 
selective for ICE and may also inhibit the 
proteolytic activities of ICE homologs. 

To investigate the role of ICE in cytokine 
release, we examined ICE""'"*" and ICE" * 
monocytes induced by lipopolysaccharide 
(LPS) and LPS plus nigericin. LPS is a bac- 
terial endotoxin that induces monocytes to 
produce several cytokines including IL-lp, 
IL-lot, tumor necrosis factor-a (TNF-a), 
and IL-6. Nigericin is a K^-H* ionophore 
that alters K" homeostasis and activates a 
plasma membrane adenosine triphosphatase 
(ATPase). Nigericin treatment after LPS 
stimulation enhances processing ot the 
IL-lp precursor and export of mature 17-kD 
IL-lp from murine and human monocytes 
(16). In ICE W " monocytes, LPS stimulated 
IL-lp export into the medium (39 - 2$ 
pg/ml) and LPS plus nigericin treatment sig- 
nificantly enhanced IL-ip export (140 n 12 
pg/ml, P < 0.02) (Table i). In contrast, 
ICE -/ ~ monocytes did not release any de- 
tectable IL-lp after stimulation with LPS or 
LPS plus nigericin, and no processed IL-lp 
was detectable in cell lysates from these cul- 
tures (Table 1). This observation establishes 
the critical role of ICE in processing and 
export of mature IL-ip. 

Treatment with LPS and LPS plus ni- 
gericin also enhanced IL-lot release by 
ICE W * monocytes (318 ± 186 pg/ml, P < 
0.02) (Table 1). IL-la binds to the same 
cellular receptors as IL-ip (/) and is also 
synthesized as a precursor, but pre-IL-lot is 
not a substrate for ICE (3). Surprisingly, 
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ICE~'~ monocytes did not release IL-la af- 
ter treatment with LPS plus nigericin, al- 
though the intracellular concentration of 
this cyrokine was substantial (115 — 38 pg/ 
ml). These results implicate ICE as a medi- 



ator of IL-la release from moni>cytes. Expor 
of IL-lp and IL-la may involve a com mo: 
molecular assembly {17). For example, ICi 
may associate with the mgenctn-stimularet 
K~,H~- ATPase for transport of IL-la anv 



Table 1. Cytokine secretion by adherent monocytes from ICE *" and ICE " " mice. Adherent monocyte 
were isolated from ICE*'* and ICE"" mice and treated as in (29). CytCKines were quantitated • 
supernatants or cell lysates by an ELISA specific for murine IL-lp, tl-ia, TNF-a, and IL-6. The iL-i* 
ELISA recognizes both precursor and processed forms. The IL-lp ELISA is nighty specific for matur- 
IL-13 and shows <0.2% cross-reactivity against the murine IL-13 precursor. 
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Fig. 2. Apoptosis in thymocytes from ICE*'* and ICE-'" mice. Thymocytes were treated with 1 uJV 
dexamethasone (Sigma) (A); 500 cGy of ionizing radiation (B); or a hamster antibody to murine Fa; 
(Pharmingen, San Diego) (C). Thymocytes were isolated from 5- to 6-week old mice and cultured at a ce. 
density of 10 6 ceils per milliliter in 24-well plates. Celts were incubated at 37 2 C and sampled for viabilit\ 
measurement at the time points indicated. For anti-Fas treatment, cells were incubated for 24 hours witt 
antiooay at tne concentrations maicatea Ceii viaoiiity was determined by trypan blue exclusion, value 
represent the average viability from three independent wells {- SD) and are normalized to the percentagt 
of viable cells remaining in the untreated cultures. Two independent experiments showed similar results 
(D) Agarose gel electrophoresis of total DNA from thymocytes that received no treatment (N). or that wer 
treated with 1 u.M dexamethasone (D) or 500 cGy ionizing radiation (R). Genomic DNA was isolated fron 
1 0 6 thymocytes after 1 0 hours and subjected to electrophoresis. 
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IL-lp through the plasma membrane. Alter- 
natively, ICE may interact with or activate 
other proteins, such as calpain {18), that 
may be involved in IL-lot processing and 
secretion. In contrast to IL-la, TNF-a and 
IL-6 are secreted by lCE _/ ~ monocytes, al- 
beit at reduced levels (Table 1). 

Overexpression of ICE or its homologs 
can induce apoptosis in cultured cells (7, 
8)- To determine if normal intracellular 
concentrations of ICE mediate apoptosis, 
we investigated the response of ICE" 7 ' thy- 
mocytes to three apoptotic stimuli: glu- 
cocorticoid (i9), ionizing radiation, and an- 
ti-Fas antibody (20). The Fas antigen is a 
cell surface protein in the TNF-a receptor 
superfamily that mediates apoptosis in acti- 
vated T cells (21 , 22). Fas is encoded by the 
gene responsible tor a lymphoprol iterative 
disorder (Ipr) in mice. Mice that carry mu- 
tations in Fas develop Iymphadenopathy 
and suffer from a systemic autoimmune dis- 
ease (23). Thymocytes isolated from 
ICE" /_ and ICE^'^ mice were sensitive to 
dexamethasone- or radiation- induced apop- 
tosis, as evaluated by cell viability and 
DNA fragmentation (Fig. 2). A monoclo- 
nal antibody to Fas triggered apoptosis in 
ICE"^ /+ thymocytes in a dose-dependent 
manner, but did not induce apoptosis in 
ICE _/ ~ thymocytes (Fig. 2). Analysis of 
ICE^ and ICE -/ ~ thymocytes by fluores- 
cence-activated cell sorting (FACS) re- 
vealed no differences in expression of cell 
surface Fas antigen (Fig. 3). We also ob- 
served that a potent ICE inhibitor, Cbz-Val- 
Ala-Asp-(OEthyl)-[(2,6-dichIoroben2oyl) 




Fluorescence Intensity 

Fig. 3. Expression of Fas on ICE*'* and ICE _/_ 
thymocytes. Cells (10 6 ) were stained first with 1 
p.g of the hamster antibody against munne has 
and then with a fluorescein isothiocyanate- conju- 
gated goat antibody to hamster immunoglobulin 
G (E-Y Laboratories, San Mateo, California), Fas 
expression on the cell surface was analyzed by 
FACS. Shaded areas represent staining by the 
second antibody. 



oxylmethyl-ketone, prevented Fas-triggered 
apoptosis of ICE~'^ thymocytes in a dose- 
dependent manner (24). 

These results establish a rote for ICE in 
Fas-mediated apoptosis of normal thymo- 
cytes. Glucocorticoid- and radiation-in- 
duced apoptosis of thymocytes presumably 
occur through different pathways that may 
involve intracellular serine proteases (25). 
The existence of multiple apoptotic path- 
ways in thymocytes has been inferred previ- 
ously from studies of mice deficient in Be 1-2. 
Mature T cells from bci-2~'~ mice showed 
increased sensitivity to apoptosis induced by 
glucocorticoids and ionizing radiation, but 
reduced sensitivity to apoptosis stimulated 
by an antibody to CD3 (26). Targeted ex- 
pression of BcI-2 in murine cortical 
(CD4~CD8~) thymocytes inhibited apop- 
tosis induced by glucocorticoid, ionizing ra- 
diation, and anti-CD3, but did not inhibit 
negative selection of T cells (27). Similarly, 
the tumor suppressor protein p53 mediates 
apoptosis induced by ionizing radiation and 
etoposide, but not apoptosis induced by glu- 
cocorticoid and other stimuli (28). 

Unlike the Iprjlpr mutation at the mu- 
rine Fas locus (23), disruption of the ICE 
gene does not lead to autoimmune pathol- 
ogies in mice within the first 16 weeks of 
life. This suggests that ICE' 1 ' mice under- 
go normal clonal deletion of T cells recog- 
nizing endogenous supemntigens. Given 
that interaction of Fas and its ligand is 
involved in programmed cell death after T 
cell activation (22), clonal deletion might 
be dependent on ICE homologs and their 
function in apoptotic pathways. 
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